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The main route of small ruminant lentivirus dissemination is the ingestion of infected cells present in colostrum and milk
from infected animals. However, whether only macrophages or other cell subtypes are involved in this transmission is
unknown. We derived epithelial cell cultures, 100% cytokeratin positive, from milk of naturally infected and noninfected goats.
One such culture, derived from a naturally infected goat, constitutively produced a high titer of virus in the absence of any
cytopathic effect. The other cultures, negative for natural lentivirus infection, were tested for their susceptibility to infection
with the CAEV-CO strain and a French field isolate CAEV-3112. We showed that milk epithelial cells are easily infected by
either virus and produce viruses at titers as high as those obtained in permissive goat synovial membrane cells. The
CAEV-CO strain replicated in milk epithelial cells in absence of any cytopathic effect, whereas the CAEV-3112 field isolate
induced both cell fusion and cell lysis. Our results suggest that CAEV-infected milk epithelial cells of small ruminants may
play an important role in virus transmission and pathogenesis. © 1999 Academic Press
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oINTRODUCTION
Until recently little attention was paid to a possible role
f epithelial cells in lentivirus transmission and patho-
enesis. Most human epithelial cells are CD41 and have
herefore long been considered nonpermissive for HIV-1
nfection, but these studies have been restimulated by
he discovery that HIV-1 can infect cells by a CD4-inde-
endent mechanism (Yahi et al., 1992; Fantini et al.,
993). Replication of HIV-1 has been demonstrated in
pithelial cells (Fantini et al., 1993; Howell et al., 1997) or
ell lines (Fantini et al., 1993; Tan et al., 1993) from
ifferent origins including the reproductive tract (Tan et
l., 1993; Howell et al., 1997), the gut (Fantini et al., 1993),
nd the colon (Yahi et al., 1992). This suggests that HIV-1
ay cross the mucosal-epithelial barrier by direct infec-
ion of epithelial cells. The virus may also use a trans-
ytosis pathway. In fact, it has been shown that HIV-1 can
e transmitted to epithelial cells from lymphocytes or
onocytes by a cell-to-cell contact mechanism (Phillips
nd Bourinbaiar, 1992; Bomsel, 1997). The virus is then
ransported from the apical to the basal membrane of
pithelial cells using the transcellular vesicle pathway
Bomsel, 1997).
It has recently been reported that human mammary
pithelial cells can be productively infected by HIV-1
1 To whom reprint requests should be addressed at INRA Labora-
oire associe´ de recherches sur les lentivirus des petits ruminants,
cole Ve´te´rinaire de Lyon, BP 83, 69280 Marcy l’Etoile, France. Fax:a33)-4 78 87 25 94; E-mail: cheblou@univ-lyon1.fr.
67Toniolo et al., 1995), suggesting that transmission of the
irus through breast feeding may occur not only by in-
ected lymphocytes/monocytes but also by virus-produc-
ng epithelial cells.
Small ruminant lentivirus (SRLV) infections of sheep
nd goats are worldwide and cause progressive degen-
rative inflammatory disease in multiple organs includ-
ng the lung, joints, nervous system, and mammary gland
for review, see Chebloune et al., 1998). Several studies
ave shown that the main route of SRLV transmission is
ucosal infection of newborn animals after ingestion of
nfected cells present in colostrum and milk from in-
ected dams (Houwers, 1985; Kennedy-Stoskopf et al.,
985; McGuire, 1987). Milking machines are suspected
o play an important role in virus transmission through
nfected milk cells (Greenwood et al., 1995). The small
uminant lentiviruses mainly target cells of the monocyte/
acrophage lineage (Houwers, 1985; Kennedy-Stoskopf
t al., 1985; McGuire, 1987). The monocytes are infected
ut do not support virus replication until they differentiate
nto macrophages (Narayan et al., 1982, 1983). However
any other cell types, including epithelial cells from
ifferent organs, have been shown to harbor the viral
enome in vivo (Zink et al., 1990; Brodie et al., 1995). In
he lungs of sheep infected by maedi visna virus, the viral
enome was found in a large number of bronchiolar
pithelial cells (Staskus et al., 1991).
Little is known of the sensitivity of epithelial cells to
mall ruminant lentivirus infection in vitro. In this study,
ur aim was to determine whether milk epithelial cells
re permissive to caprine arthritis encephalitis virus
0042-6822/99 $30.00
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68 MSELLI-LAKHAL ET AL.CAEV) infection in vivo or in vitro. To address this ques-
ion, we derived milk epithelial cells from infected and
ninfected nannies. From the infected goats, we isolated
oth naturally infected and noninfected epithelial cell
ultures. The noninfected goats only furnished CAEV-
egative cultures. Interestingly, however, the negative
ultures were all highly susceptible to in vitro infection by
ither CAEV-CO or the French field isolate CAEV- 3112
nd showed high permissivity for CAEV replication.
RESULTS
evelopment of epithelial cell cultures from milk
Milk epithelial cell cultures (MEC) were isolated from
00 ml milk from two infected and two noninfected goats.
issue culture flasks (25 cm2) were seeded with 2–5 3
06 cells, and after few days of culture the monolayers
onsisted mainly of fully differentiated mature macro-
hages. After 2–3 weeks, foci of epithelial cells, morpho-
ogically very distinguishable from macrophages,
merged and the macrophages progressively died. After
wo serial passages, homogenous epithelial cell culture
onolayers were obtained. The great majority of the
ells were cytokeratin marker positive in the early pas-
ages, and the later passage cells expressed the cyto-
eratin marker at 100% (Figs. 1a and 1b). The cells were
ositive only for cytokeratin; all cultures tested were
egative when stained with antibodies directed against
imentin and actin (data not shown).
naturally infected milk epithelial cell culture was
erived from an infected goat
The MEC were tested for natural infection by immu-
ocytochemistry using a monoclonal antibody specific
or CAEV gag (McGuire, 1987) and one culture of four
as positive (Figs. 1c–1e). Despite the expression of
iral protein, no cytopathic effect was observed in this
ell culture. However, on addition of goat synovial mem-
rane (GSM) cells, giant multinucleated GSM cells ap-
eared within a few hours, indicating that the envelope
rotein was correctly expressed on the epithelial cell
urface. Radio-immunoprecipitation of viral proteins from
oth the supernatant and the lysate of this cell culture
sing a hyperimmune serum from a SRLV-infected goat
ndicated that all viral proteins were correctly expressed
nd processed (data not shown). The presence of Gag
nd Env proteins in the supernatant suggests that these
ells actively produce virus particles. Supernatant from
his epithelial cell culture was therefore harvested at
ifferent time points and virus was titrated according to
he Reed and Muench method (Reed and Muench, 1938).
iters ;105,5 TCID50 were obtained, indicating that the
ulture was chronically infected and constitutively pro-
uced a high titer of virus. Interestingly, a noninfected
pithelial cell culture was obtained from one of the nat-
rally infected goats. hn vitro infection of MEC with CAEV
Neither virus proteins nor infectious virus particles
ere detected in MEC cultures derived from the nonin-
ected goats. We tested the susceptibility of these MEC
ultures to CAEV infection after inoculation at m.o.i. of 0.1
ither with CAEV-CO strain or with CAEV-3112 field iso-
ate. Classical giant multinucleated cells (MGC) ap-
eared 5–7 days after inoculation, and cell lysis was
bserved in the monolayers infected with CAEV-3112
Figs. 2a and 2b). The cytopathic effects progressed,
esulting in the progressive destruction of the cell mono-
ayer. In contrast, infection with CAEV-CO strain pro-
uced no MGC or cell lysis (Fig. 2c). However, when
AEV-CO-infected MEC were cocultivated with GSM
ells, spontaneous cell fusion was observed within 4–6 h
Fig. 2d).
The correct expression of viral proteins in CAEV-in-
ected MEC was evaluated by radio-immunoprecipita-
ion, which produced protein profiles similar to those
bserved after infection of GSM cells with CAEV-CO or
AEV-3112 (Figs. 3A and 3B). Little CAEV envelope gly-
oprotein was observed particularly in the cell lysate and
upernatant of MEC infected with CAEV-CO. The p25
rotein was detected in both the cell lysate and the
upernatant of MEC infected by either CAEV-CO or
AEV-3112, suggesting active viral production. Superna-
ants of MEC infected by either CAEV-CO or CAEV-3112
ere therefore harvested on Days 1, 3, 5, and 7 p.i., and
iral titers were determined. All MEC cultures produced
igh titers of infectious cytopathic virus, and the kinetics
f virus production were similar to those presented in the
igure (Figs. 4A and 4B). CAEV-3112 showed the same
inetics on both GSM and MEC, but production of
AEV-CO on MEC was delayed as compared to GSM
ells. This delay resulted in titers lower by 2–3 logs on
ays 1–5 p.i. These low titers may be correlated to the
ow amount of envelope glycoprotein observed in the cell
ysate and supernatant of MEC infected with CAEV-CO
Fig. 4). However, by Day 7, the titers on the two cell types
ere more similar. MEC produced a maximum titer of 105
CID50/ml for CAEV-CO and .10
6 and TCID50/ml for
AEV-3112.
DISCUSSION
This study is the first report of productive CAEV
nfection by goat milk epithelial cells in vitro. The viral
enome and/or proteins have been detected in vivo in
pithelial cells from the lung, the thyroid, the kidney, and
he small intestine of CAEV-infected goats (Zink et al.,
990; Brodie et al., 1995), but CAEV has not previously
een shown to replicate in epithelial cells. The ex vivo
ulture of MEC derived from one of two naturally infected
oats was chronically infected. Because macrophages
ere also present in the milk, we can not exclude the
ypothesis that viral infection of the MEC occurred in
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69CELLS HIGHLY PERMISSIVE TO INFECTION IN VITROitro. However, this results demonstrated that MEC are
ensitive to infection with a natural field virus and pro-
uced it at high titers. Virus production was constitutive
nd occurred in absence of any cytopathic effect in
aturally infected cells and in those experimentally in-
ected by one of two laboratory viruses. This response to
entiviral infection is not unique to goat epithelial cells
ecause human epithelial cell lines derived from differ-
nt organs have also been shown to produce HIV-1 in
FIG. 1. Detection of cytokeratin and CAEV gag p25 protein expression
erformed on MEC using the K813 clone cytokeratin specific antibody.
he MEC stained with the K813 monoclonal antibody (b) were 100% cyto
rom naturally infected goats using an anti-p25 specific monoclonal an
he PBS-treated cells (c). Original magnification 3400 (a, b, and e) andbsence of cytopathic effect (Yahi et al., 1992; Toniolo et tl., 1995). Isolation of naturally infected MEC from in-
ected animals was not constant. From some infected
nimals we produced only noninfected cultures, and
rom the same animal the cultures produced were some-
imes infected, sometimes not. However, the MEC cul-
ure we isolated were always sensitive to infection with
oth CAEV-CO and CAEV-3112 in vitro.
Our finding of high virus production from MEC may
orrelate with the high rate of CAEV transmission
ltured milk epithelial cells (MEC). (a and b) Immunocytochemistry was
ck (a) corresponds to PBS-treated MEC and showed no positive cells.
positive. (c–e) Immunocytochemistry was performed on MEC derived
Many cells express the CAEV p25 protein (d and e) as compared with
(c and d).s in cu
The mo
keratin
tibody.hrough milk that has been estimated as #85% (Rowe et
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70 MSELLI-LAKHAL ET AL.l., 1992). Transmission is generally attributed to CAEV-
nfected macrophages, but little is known about the
echanism by which they might migrate across the
FIG. 2. Cytopathic effect developed in a milk epithelial cell (MEC) c
ultinucleated cell formation observed in MEC inoculated with CAEV 3
EC with CAEV-CO. (d) When CAEV-CO-infected MEC were coculti
ormation was observed. Original magnification 3400.
FIG. 3. Radio-immunoprecipitation of viral proteins from milk epithe-
ial cell (MEC) cultures infected with two CAEV strains. The radio-
mmunoprecipitation was performed 6 days p.i. (A) Positive control
orresponding to the immunoprecipitation of viral proteins on goat
ynovial membrane cells that were uninfected (1) or infected with
AEV-CO (2) or CAEV-3112 field isolate (3). SN, supernatant; C, cell
ysate. (B) Detection of viral proteins on milk epithelial cells that were
ninfected (1) or infected with CAEV-CO (2) or with CAEV-3112 fieldisolate (3).ntestinal epithelial barrier and infect blood cells in the
ecipient. Our results suggest that milk epithelial cells, or
ndeed the large number of free vesicular epithelial par-
icles that may contain infectious virus, may also contrib-
te to transmission by passing the virus on to intestinal
pithelial cells. Viral RNA has been observed in goat
ntestinal crypt epithelial cells, suggesting possible
ransmission from infected milk macrophages or epithe-
ial cells (Zink et al., 1990). Transmission of CAEV may be
ore efficient when occurring between homologous
ells, that is, MECs to intestinal epithelial cells. Lentivi-
uses passaged through different cell types show faster
rowth in the same cell type and display altered cell
ropism (Cheng-Mayer et al., 1991; Villarete et al., 1994).
The vigorous virus production by goat milk epithelial
ells is unexpected given that infection of human epithe-
ial cells with cell-free virus results in very low virus
roduction (Tan et al., 1993; Toniolo et al., 1995). This
ifference may be due to poor infection efficiency of
pithelial cells by HIV-1 using the galactosyl-ceramide
ather than the CD4 receptor (Fantini et al., 1993).
The high rate of replication of CAEV in MEC may also
orrelate with the high frequency of mastitis developing
infected with two CAEV strains. (a) Uninfected MEC. (b) Typical giant
d isolate. (c) No cytopathic effect was observed after inoculation of the
ith goat membrane synovial cells (GSM), giant multinucleated cellulture
112 fiel
vated wn CAEV-infected goats. Lesions develop in the mam-
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71CELLS HIGHLY PERMISSIVE TO INFECTION IN VITROary glands of young goats fed with CAEV-infected co-
ostrum and milk (Kennedy-Stroskopf et al., 1985), and
irus can easily be isolated from the mammary tissue of
oth kids and adult goats, demonstrating that the mam-
ary gland is an important target organ for the CAE
irus. Constitutive production of CAEV from goat mam-
ary epithelial cells in vivo might trigger the extensive
ymphocyte infiltration into the mammary gland of CAEV-
nfected goats.
Other retroviruses than HIV-1 may be transmitted
hrough breast feeding. Luminal epithelial cells can be
nfected by BLV and may contribute to transmission (Bue-
ring et al., 1994). Persistent infection of breast luminal
pithelial cells by HTLV-1 has been recently reported,
uggesting that infection of this cell type may be involved
n the persistence and transmission of HTLV-1, and ex-
laining its endemic distribution in some ethnic groups
Southern and Southern, 1998).
Our data offer new insight into the sequence of events
hat may be involved in the transmission of virus to
ewborn subjects during milk feeding and in the induc-
FIG. 4. Viral growth curves comparing production of CAEV-CO and
AEV-3112 on goat synovial membrane (GSM) cells and on milk epi-
helial cells (MEC). (A) Kinetic curve of production of CAEV-3112 field
solate on GSM and MEC. (B) Kinetic curve of production of CAEV-3112
n GSM cells and MEC.ion of mastitis. These data may help to explain the high mfficiency of transmission of CAEV by milk, which has led
o the wide distribution of this virus throughout the world.
ATERIAL AND METHODS
ells and viruses
Goat milk samples were obtained from four healthy
earling nannies 4 weeks postparturition. Two of them
ere naturally infected and two were not infected ac-
ording to a CAEV serological test and virus isolation
rom blood-derived macrophages. The milk samples (100
l) were centrifuged at 500 g for 10 min at 14°C, and
ell pellets were rinsed twice with Hanks’ balanced salt
olution (HBSS) to remove the residual milk and fat
lobules. Cells were resuspended into 10 ml R10 (RPMI
edium supplemented with 10% fetal bovine serum),
eeded into 25 cm2 tissue culture flasks at a density of
–5 3 106 cells/ml and incubated at 37°C overnight.
onadherent cells were flushed away by two to three
inses with HBSS, then fresh R10 medium was added
nd cells were incubated at 37°C in 5% CO2. R10 me-
ium was replenished every 3–4 days until subconfluent
ell monolayers developed.
Goat synovial membrane cells (GSM) were obtained
riginally from explanted carpal synovial membranes
rom a colostrum-deprived newborn goat (Da Silva Teix-
ira et al., 1997). GSM were expanded by cultivation in
inimum essential medium (MEM) 1 10% fetal bovine
erum and stored in liquid nitrogen. Typical monolayer
ultures were used for 7–10 passages.
The CAEV-CO virus was produced from GSM cells
ransfected with the pBSCA, a plasmid carrying the com-
lete and infectious CAEV molecular clone (Mselli-La-
hal et al., manuscript in preparation). Field virus isolate
AEV-3112 was obtained from a naturally infected
rench arthritic goat from the Lyon region (Blondin et al.,
989). This virus was first produced by monolayer cul-
ures of inflammatory cells aspirated from the synovium
f the swollen joint and since passaged on GSM cell
ultures. Stocks of both viruses produced on GSM cells
r macrophages titered ;106 TCID50/ml. Cells were in-
ected 24 h after passage at a m.o.i. of 0.1, then 4 h after
nfection, the infectious supernatant was removed and
eplaced by fresh medium.
irus titration
The supernatants of infected MEC or GSM cells were
arvested and clarified by filtration through a 0.45-mm
embrane. Serial 10-fold dilution in medium was used to
nfect GSM cells in 24-well plates, which were main-
ained in culture for 6 days. The cell monolayers were
hen Formalin fixed, stained with May-Gru¨nwald-Giemsa,
nd examined for the presence of giant multinucleated
ells. The titers were calculated using the Reed-Muench
ethod (Reed and Muench, 1938) and expressed as
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72 MSELLI-LAKHAL ET AL.issue culture infectious doses (TCID50) per milliliter of
upernatant.
mmunocytochemistry
Goat milk epithelial cells were seeded into eight-
hamber slides (LabTek) and grown to subconfluence.
ytokeratin epithelial cell marker or viral proteins were
etected on acetone-fixed cells by immunocytochemistry
sing specific monoclonal antibodies: clone K 813
C6909, Sigma) for cytokeratin and anti-p25 CAEV
McGuire, 1987) for the detection of viral protein (30–5 A1,
MRD). Primary monoclonal antibodies were diluted in
3 PBS and 1% BSA (1/500 for anti-p25 and 1/50 for
nticytokeratin) and added to cell monolayers. After 1 h
f incubation at room temperature, cells were rinsed with
BS, then incubated for 30 min at room temperature in a
olution containing 13 PBS, 1% BSA, and 0.5% of biotin-
lated goat anti-mouse Ig purified antibody (Dako Kit ref:
0377). Cells were rinsed with PBS and incubated for 30
in at room temperature in a 13 PBS solution containing
treptavidin-biotin-peroxydase complex as recommended
y the supplier. After a wash in 13 PBS, the cells were
ncubated for 8 min in 13 PBS solution supplemented
ith 1 mg/ml diaminobenzidine, rinsed with water, then
ounterstained with hematoxylin and mounted. Appropri-
te positive and negative controls were set up for each
ntibody.
adio-immunoprecipitation of virus-specific proteins
Radio-immunoprecipitation of viral proteins was per-
ormed as previously described (Chebloune et al., 1996).
riefly, cells were seeded into six-well plates, and 24 h
ater, the monolayers were infected with CAEV-CO or
AEV-3112 at a m.o.i. of 0.1 and incubated at 37°C in 5%
O2 for 4–5 days. The monolayer cultures were then
re-incubated for 2 h in MEM lacking methionin and
ystein; the proteins then were radio-labeled for 16–18 h
ith 100 mCi of [35S]methionin/cystein (ICN, Costa Mesh,
A) in 1 ml of the same medium. Virus-specific proteins
eleased into the supernatant or present in the cell lysate
ractions were immunoprecipitated using hyperimmune
erum (G9615) from a goat that had received several
njections of a mixture of three different CAEV and MVV-
1514 isolates. Clarified cell culture medium and cell
ysates were incubated overnight at 4°C in the presence
f 10 ml of G9615 serum and Sepharose protein A.
mmunoprecipitated proteins were then separated by
DS–PAGE and specific virus proteins were visualized
y standard autoradiography.
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